Already over 3.2 billion years ago, nature evolved oxygenic photosynthesis, a sustainable and large-scale process by which solar energy is harnessed to perform chemistry 1,2 . Scientists have been attempting to mimic and even outperform this natural process using synthetic materials in a field known as artificial photosynthesis 3, 4 . A key motivation for this is that the generation of renewable carbon-based fuels and H 2 from Earth-abundant resources offers an attractive solution to the intermittency problem of solar electricity generation, whilst also providing a green approach to the production of feedstock chemicals 5,6 .
various classes of oxidoreductases expressed in autotrophs and heterotrophs, including hydrogenase (H 2 ase), carbon monoxide dehydrogenase (CODHase), formate dehydrogenase (FDHase) and nitrogenase (N 2 ase), can serve as electrocatalysts for reactions including H 2 evolution 18, 19 , CO 2 reduction 20, 21 and N 2 fixation 22 . Some of these enzymes perform catalysis at a turnover frequency (TOF) of 10,000 s −1 with minimal energy loss 15 . In contrast, artificial systems commonly suffer from slow kinetics and energy losses, and also often afford low yields due to incomplete reactions or side reactions 6 .
Despite the impressive catalytic activities and quantum efficiencies of certain enzymes, the overall biological solar-to-chemical conversion efficiency is diminished by a combination of unoptimized use of the solar spectrum and the large number of charge transfer and chemical conversion possibilities that follow H 2 O oxidation 23 (Box 1). These subsequent chemical steps are used by cells to regulate metabolic pathways beyond the photosynthetic ET chain, imparting robustness and responsiveness to the cells when under dynamic and stressful environmental conditions. As such, the solar-tobiomass conversion efficiency has been observed to be <1% for crop plants and <7% for microalgae 4 .
Wiring isolated photosystems to electrodes for photoelectrochemistry enables semi-artificial photosynthesis 24 , which aims to rewire natural photosynthesis in ways that synthetic biology cannot 25 (fig. 1a ). In semiartificial photosynthetic approaches, one can take the strengths of biological and artificial photosynthesis and eliminate side reactions to access and study previously hypothetical direct endergonic pathways. In the case of PSII, photoelectrochemistry also allows electrons liberated from H 2 O oxidation to be harvested and quantified, giving insights into biocatalytic performance and charge-transfer mechanisms 26, 27 . Several milestones have been reached in PSII photoelectrochemistry, both in the understanding of ET between PSII and an electrode, and in electrode design to better integrate the biological guest. Such progress benefits the wider field of bio-photoelectrochemistry by expanding the range of photoredox-active biological samples that can be studied. Furthermore, it accelerates the study of fuel-forming reactions that use H 2 O as the electron source, as well as efforts to wire PSII to other biocatalysts. An initial focus has been placed on solar hydrogen generation 24, 28 , but more recent activities have started to focus on the photoreduction of CO 2 (ref. 29 ).
This Review will first describe photosynthetic reaction centre proteins, with a focus on PSII and how it can be wired to electrodes for photoelectrochemical studies to provide insights about enzyme function. We then turn to developments in electrode design and how these have expanded the applicability of photoelectro chemistry to other proteins and redox guests. We will subsequently examine the role of PSII in the development of the emerging field of semi-artificial photosynthesis, in particular the design of hybrid Z-schemes for solar-fuel generation. Beyond the photoelectrochemistry of isolated PSII, we will also examine the photoelectro chemistry of photosynthetic cells, that is PSII in vivo. Lastly, we peer into the future of biophotoelectrochemistry, semi-artificial photosynthesis and beyond.
Bio-photoelectrochemistry
Photosynthesis relies on reaction centre (RC) proteins, which are subunits containing special arrangements of pigments that harvest light and induce charge separation 30 . PSII and photosystem I (PSI are supercomplexes containing RC proteins responsible for light-induced charge-transfer processes in oxygenic, photosynthetic organisms (Box 1). In some circumstances, such as in anaerobic purple bacteria, the light-induced chargetransfer steps instead occur in type II RC complexes. The role of PSII is to generate, on light irradiation, an oxidant strong enough to be coupled to H 2 O oxidation and liberate 4H + , 4e − (in the form of reducing equivalents) and O 2 . Although PSI does not catalyse a chemical reaction, it serves as a light-powered energy pump for electrons delivered into the ET chain by PSII. PSI generates a strong reductant that can eventually afford Box 1 | Electron-transfer pathways in biological photosynthesis oxygenic photosynthesis begins at the 700-kDa dimeric transmembrane photosystem II (PSII) complex 35 , which is embedded in the thylakoid membrane. light energy harvested by PSII is used to extract 4e − from 2H 2 o to produce o 2 and 4H + (see fig. 2a for details). The accumulation of H + creates a concentration gradient that drives the production of aTP through a transmembrane-bound aTPase. electrons are shuttled between PSII and cytochrome b 6 f (Cyt b 6 f) through a plastoquinone (PQ) pool. Plastocyanin receives electrons from Cyt b 6 f one at a time and shuttles them to photosystem I (PSI). on light irradiation, charge separation occurs at the reaction centre within PSI (P700); the generated hole oxidizes a bound plastocyanin (Pc) and the photoexcited electron reduces a ferredoxin (Fd). The Fd can then donate electrons to ferredoxin naDP + reductase (Fnrase) and the naDPH thus produced, together with aTP, drive the Calvin-Benson cycle for Co 2 fixation (equation 1) 111 . note that Fd can also pass electrons to other pathways under certain conditions, such as those involving nitrogenase (n 2 ase) for n 2 fixation or hydrogenase (H 2 ase) for overall H 2 evolution (equation 2), the latter of which serve as a valve to dissipate excess electrons entering the PQ pool 112, 113 . NADPH en route to CO 2 fixation 31 . PSI and PSII exhibit similarities in their photochemistry and absorption profile, but differ significantly in structure and function. Type II RC complexes resemble PSII in structure and PSI in function, and perform light-induced charge separation to drive the creation of proton motive force and ATP production 32 . While PSII is essential in semi-artificial photosynthesis due to its role in H 2 O-oxidation catalysis, PSI and type II RCs can be more easily substituted by synthetic chromophores. Furthermore, there are fewer chargerecombination pathways at the PSII-electrode interface than at the electrode interface with PSI and type II RCs due to the electrochemical irreversibility of the H 2 O-oxidation reaction 31 . These factors have allowed us to better understand the PSII-electrode interface, as well as other bio-photoelectrochemical interfaces.
Photosystem II structure and function. PSII is a homodimer complex embedded within the thylakoids of cyanobacteria, algae and chloroplasts of plants ( fig. 1b ). The first structures of PSII from cyanobacteria and plants were both reported in the early 2000s 33, 34 , but there have since been more cyanobacterial PSII structures published, such that these have been the most important in terms of revealing details about the oxygenevolving complex (OEC) and numerous cofactors [35] [36] [37] ( fig. 1b ). Each monomer of cyanobacterial PSII consists of four main subunits: two light-harvesting antenna subunits CP43 and CP47, which together contain 29 chlorophyll a (Chl a) molecules with absorption maxima at 430 and 665 nm, and two RC protein subunits (D1 and D2), which sandwich a special cluster of chlorophylls known as P680 (λ max = 680 nm) and two flanking pheophytins 38 . On photoexcitation, the antenna Chl a pigments funnel the energy through Förster resonance energy transfer to P680, which can also absorb photons directly. The excited P680 undergoes efficient primary-charge separation on a picosecond timescale [39] [40] [41] ; the high efficiency of this process is facilitated by the movement of the electrons down an energy gradient through a series of spatially separated redox cofactors, as well as possible quantum coherence effects 42 . The plastoquinones Q A and Q B are the terminal electron acceptors and are situated within 10 Å of the stromal surface of PSII ( fig. 2a ). Q A is fixed within its pocket and passes 2e − to Q B , which can diffuse and shuttle the electrons to downstream proteins. The holes left on P680 are then filled by electrons, transferred through a Tyr residue and obtained from H 2 O oxidation at the Mn 4 Ca cluster. The structure of PSII in plants has the same composition and arrangement of subunits and cofactors as that in cyanobacterial PSII. One substantial difference between the two photosystems is that plants have additional antenna proteins in the form of trimeric light-harvesting complexes that are bound to the PSII core subunits 43 .
Protein film photoelectrochemistry. Protein film electrochemistry is used to probe real-time ET processes in immobilized redox proteins as a function of a thermodynamic driving force -the electrochemical potential at the electrode surface 44, 45 . The flow of electrons moving across the electrode surface as a result of bioelectrochemical events can be recorded as current and used to infer protein loading, the rates and energetics of catalytic and/or ET processes, and the quality of the proteinelectrode wiring 44, 46 . Protein film photoelectrochemistry is a particular form of protein film electrochemistry in which the bio-electrodes feature at least one lightresponsive unit coupled to the ET pathway. In the case of PSII, the flux of photogenerated electrons arising from the photoexcited protein film can be collected by an electrode poised at an appropriate potential 27, 31 (fig. 2 ). The photocurrent response is influenced by a number of factors, including the applied potential of the electrode, the quality of the electronic wiring between the PSII and the electrode, the activity of PSII, the electrode architecture, the light intensity and the number of PSII assemblies on the surface.
OEC

CP47
Chl 35 . Each PSII monomer comprises the antenna subunits (CP43 and CP47), the reaction centre subunits (D1 and D2), the P680 reaction centre, the plastoquinones (PQ), the chlorophyll pigments (Chl a) and the oxygen-evolving complex (OEC). For clarity , other cofactors involved in electron transfer, including the pheophytin and the Tyr residue adjacent to the OEC, are not highlighted. Fd, ferredoxin. Part b was drawn using data in ref. 35 , Springer Nature Limited.
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Wiring photosystem II to stationary electrodes. The immobilization of thylakoid fragments on electrodes for photocurrent generation has been reported as early as the 1970s 47, 48 , but systematic studies of purified photosystems on electrodes were not performed until the early 2000s, when the crystal structures of the photosystems were reported, along with improved protein-purification methods 26, 33 . Several strategies to wire photosystems to electrodes have since been reported, and reviews discussing protein immobilization are available 26, 27, 31 . Here, we describe the most common methods of wiring PSII to electrodes and the charge-transfer processes taking place at the PSII-electrode interface. According to Marcus theory, the rate of outer-sphere ET between two species is dependent on their separation. The orientation of PSII adsorbed on the electrode is important for ET -reduced Q A and Q B can transfer electrons to the electrode if the stromal side of the PSII is adjacent to the electrode and the potential of the electrode is more positive than the midpoint potentials of the plastoquinones 27, 49 . This direct ET (DET) can be observed as an anodic photocurrent in chronoamperometry experiments ( fig. 2a ,c), which involve monitoring electrical current over time at a constant applied potential. 3-(3,4-Dichlorophenyl)-1,1-dimethylurea (DCMU) can be added to the photoelectrochemical cell to validate the photoresponse originating from PSII. DCMU acts as a PSII inhibitor by displacing Q B from its pocket and diminishing the photocurrent to a residual amount, which has been attributed to independent DET from Q A (ref. 50 ).
DET ( fig. 2a ) occurs in the absence of exogenous electron mediators and often results in rela tively low photocurrents due to the large population of PSII adsorbed in a non-electroactive orientation or existing as multilayers remote from the electrode surface 27, 44 . Common mediated electron transfer (MET) strategies to wire poorly wired PSII to the electrode ( fig. 2b ,c) include the introduction of diffusional electron mediators, such as 2,6-dichloro-1,4-benzoquinone (DCBQ) 50 , or the co-immobilization of conductive matrices, such as redox polymers [51] [52] [53] 27, 50 . Chl a, chlorophyll a; OEC, oxygen-evolving complex; ON, light on. naTure revIewS | ChEMISTRy electrodes include benzoquinone-based and Os-modified polymers, the latter often being favoured due to their electrochemical stability and reversibility. However, using any exogenous mediator comes at a cost to energetics, which also obfuscate electrochemical analysis of the terminal plastoquinone electron acceptors within PSII 49 .
The anodic photocurrents generated from chronoamperometry performed on a PSII protein film 27 can be normalized against the PSII loading on the electrode to calculate the TOF and infer biocatalytic activity. A summary of PSII performance in various configurations (in solution versus on electrodes, in vitro versus in vivo) is presented in 27 . This difference is mainly due to the variable light intensities used in the different experiments, with photoelectrochemical measurements using intensities typically lower than those used in Clark-electrode experiments (which use saturating light) to mimic field conditions, limiting the ET kinetics within PSII. A recent study reported similar TOFs for PSII measured using photoelectrochemistry and in solution using a Clark electrode under the same light source (1 mW cm −2 , 685 nm) 54 (TaBle 1, entry 11), indicating that PSII activity is not diminished by its adsorption onto an electrode.
Chronoamperometry also allows us to monitor the longevity of PSII activity in vitro under different conditions, and half-lives of less than 10 min are typically observed using this method 55 . This rapid photodegradation is likely caused by photoexcited Chl a triplet states undergoing energy exchange with 3 O 2 to give deleterious 1 O 2 (refs 56,57 ) ( fig. 3a ). The half-life of PSII can be prolonged by more than two-fold if the ET within PSII is efficient and not limited by downstream kinetics. For example, the introduction of excess mediators or control over the enzyme orientation reduces the accumulation of photoexcited Chl a pigments that can react with O 2 (ref. 55 ). Alternatively, [O 2 ] in the electrolyte solution can be decreased enzymatically or by working under anaerobic conditions 27 . The photoresponse of PSII-electrode systems has normally been assumed to arise solely from H 2 O oxidation. However, it has been demonstrated that ET at the PSII-electrode interface is further complicated by competing charge-transfer and energy-transfer pathways that stem from the Chl a pigments 49 . Evidence of such pathways is in the cathodic photocurrents detected from PSII protein films during stepped chrono amperometry at potentials <0.1 V versus the standard hydrogen electrode (SHE; fig. 3b ,c, blue traces) under atmospheric conditions. This cathodic photocurrent short-circuits the ET pathway originating from H 2 O oxidation in PSII. Extensive screening of several different subunits and components of PSII showed that isolated Chl a pigments adsorbed on electrode surfaces can exhibit the analogous cathodic photoresponse, but only in the presence of O 2 and at an onset potential of <0.4 V versus SHE 49 (fig. 3b , red trace). The electrode can reduce the photoexcited Chl a pigments close to the outer shell of PSII, which, in turn, reduce O 2 to form reactive oxygen species (ROS) such as H 2 O 2 (ref. 49 ). This effect competes against the anodic photocurrents stemming from the H 2 O-oxidation ET pathway and masks the true onset potential of the anodic photocurrents that relate to the midpoint potential of the terminal quinones. These insights into the events occurring at the PSII-electrode interface have informed rational strategies to minimize the extent of competing reactions. By minimizing the presence of species (such as O 2 ) that can oxidize Chl a, one can more selectively probe the H 2 O-oxidation pathway and redox properties of the terminal plastoquinones in photoelectro chemical experiments. For example, exposing the system to DCMU allows one to probe the redox potential of Q A by performing dark-light cycles during stepped chronoamperometry measurements under N 2 and measuring the onset potential ( fig. 3c , orange trace). The onset potential of Q A in PSII from Spinacia oleracea (spinach) and Thermosynechococcus elongatus (a cyano bacterium) was estimated to be −50 mV and 100 mV, respectively 49 . These values are close to the reported midpoint potentials of Q A , which were obtained using chemical titrations and fluorescence measurements 58, 59 .
Highly effective wiring protocols have resulted from studies of the PSII-electrode interface. The use of conductive matrices, including fullerene derivatives or Os-modified polymers, with PSII results in a nonselective enhancement of the cathodic photoresponse 49, 63 ). c | Representative stepped chronoamperometric profiles of PSII at more negative potentials under atmospheric conditions (blue) and under Ar atmosphere (orange) in the presence of 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU). Under Ar, the competing cathodic photocurrents are suppressed, revealing the onset potentials for the H 2 O-oxidation pathway. In the presence of DCMU, the onset potential corresponds to the electron transfer through Q A (ref. 49 ). ON, light on; SHE, standard hydrogen electrode. The stepped chronoamperometry profiles were adapted from ref. 49 , Springer Nature Limited. naTure revIewS | ChEMISTRy in addition to the intended enhancement of the H 2 Ooxidation pathway. The removal of suitable electron acceptors, in this case O 2 , for the photoexcited pigments in the photoelectrochemistry cell effectively dampens the competing photocathodic pathway in PSII, such that the H 2 O-oxidation pathway can be selectively enhanced 49 .
Wiring photosystem II to rotating ring-disk electrodes.
A rotating-disk electrode is typically employed to characterize enzymes exhibiting high TOFs. Rotation overcomes mass-transport limitations by inducing a controlled convective flux of reactants towards the protein film 60, 61 . A ring electrode can be added around the disk in a rotating ring-disk electrode (RRDE) configuration ( fig. 4a ). In the RRDE, redox-active products generated by a protein film at the disk electrode are hydrodynamically brought to the ring electrode for electrochemical analysis during rotation 62 . RRDEs can be used for PSII photoelectrochemical studies, enabling real-time product quantification and more in-depth characterization of both the H 2 O-oxidation ET pathway and the competing ET mechanism at the PSII-electrode interface. To this end, the disk electrode of a RRDE can be modified with a mesoporous indium tin oxide (ITO) surface to better adsorb PSII 63 .
The use of a RRDE induces a convective flux that brings the products photogenerated by PSII at the disk electrode to the ring electrode, both of which were controlled using a bipotentiostat ( fig. 4a ). The anodic photocurrents arise from the PSII-immobilized disk electrode (at an applied potential of +0.5 V versus SHE) promoting light-driven H 2 O oxidation, the product of which (O 2 ) was detected in real time as a current at the ring cathode poised at −0.5 V versus SHE with near 100% Faradaic efficiency (FE). Analogously, the cathodic photocurrents at the PSII-immobilized disk electrode (applied potential <0 V versus SHE) are accompanied by anodic ring currents (applied potential 0.9 V versus SHE) attributed to H 2 O 2 generation at a FE of 20% ( fig. 4b,c ). Under these conditions, Chl a immobilized onto a disk electrode affords H 2 O 2 at 50% FE. The same study identified a further possible contribution to the cathodic photoresponse of PSII protein films at applied potentials >0.1 V versus SHE. The proposed ET pathway involves the reduction of 1 O 2 that forms through energy transfer from photoexcited Chl a to O 2 (figs 3a,4a). This proposed pathway is supported by the enhanced cathodic photoresponse of PSII at the disk electrode and H 2 O 2 detection at the ring electrode in response to the introduction of S 2 O 4 2− , which doubly reduces Q A and, thus, promotes 1 O 2 reduction in PSII 63 .
As discussed above, an advantage of studying the PSII-electrode interface instead of interfaces involving other RC complexes comes from the fewer chargerecombination pathways that are operative in the former case. However, the lessons learned from studying these competing charge-transfer or energy-transfer pathways through PSII photoelectrochemistry can be applied to more complicated cases involving other RC and pigment-containing proteins. For example, a further study performed on the oxygenic photoreactivity of PSI electrodes revealed the same phenomenon of ROS production through photoexcited Chl a in the presence of O 2 (ref. 64 ). This new understanding of PSI-electrode instability will inform the development of improved PSI-electrode systems. An important conclusion is that the photoelectrochemistry of RC and pigment proteins, regardless of their origins from oxygenic organisms, should be studied under anaerobic conditions. Furthermore, future use of semiconductors may help regulate the transfer of electrons or holes from the photosystems to the electrode provides a pathway for unidirectional ET, thereby minimizing electron-hole recombination.
Electrode design
Fundamental studies of protein films may involve flat electrodes, on which one can easily control film thickness and minimize background capacitive currents. However, in the case of PSII, photocurrent densities are generally low (<50 µA cm −2 ) 27 , due to the relatively large dimensions of PSII (10.5 × 11 × 20.5 nm 3 ) 36 and difficulties in wiring PSII to the electrode in an electroactive configuration. The low photoresponse of the PSII electrodes makes quantifying PSII activity and evaluating its applications in semi-artificial systems difficult. Thus, electrodes for PSII photoelectrochemistry requires more rational design. The photocurrent output of protein film electrodes is substantially influenced by the structure and physical properties of the electrode scaffold. The electrode architecture affects the nature of protein binding, protein film loading capacity, accessibility of the electroactive surface area, light transmittance and mass transport of reactants and products. The surface chemistry and composition of the electrode material can influence electron mobility and bio-compatibility 50 , and may enhance charge separation 65 or plasmonic properties 66 .
First-generation electrodes for PSII and thylakoid membranes consisted of simple planar or nanostructured Au-based and C-based materials. These electrodes exhibited excellent electron mobility, but were opaque and offered low surface area 27, [67] [68] [69] , resulting in photocurrent densities of <2.5 µA cm −2 for non-mediated cases and only up to 45 µA cm −2 when redox polymers were included (TaBle 1, entry 4) . Second-generation mesoporous electrodes ( fig. 5a ) include those made from electrically conductive metal oxides such as ITO 50, 55 , which is also transparent and hydrophilic. Although the roughened surface provides more anchoring points for PSII and increases the effective surface area for enzyme immobilization compared to flat electrodes, the mesopores are too small for PSII dimers to absorb deeply within the porous structure (~4 µm thick). As a result, these oxides offered limited improvements in protein loading and photocurrent production ( fig. 5 ; TaBle 1, entry 5).
Third-generation state-of-the-art electrodes for PSII photoelectrochemistry are hierarchically structured inverse opal mesoporous (IO-meso) electrodes ( fig. 5b ) typically made from ITO 28 their mesoporous surface morphology to provide large effective surface areas and facilitate stable anchoring of enzymes. In addition, these electrodes feature 750-nm-diameter chambers interconnected by ~100-nm-diameter channels. The combination of these features facilitates the diffusion of proteins, substrates and products, and enhances light transmittance due to internal scattering through tens of microns of the electrode structure. The IO-meso scaffold is prepared using a template synthesis, in which ITO nanoparticles are mixed with polystyrene beads, the calcination of which affords interconnected inverse opal chambers. This method enables the fabrication of electrodes with thicknesses of up to 80 µm and provides tunable morphology on the mesoporous and macroporous scales. Systematic studies have optimized electrode thickness and IO pore size, as well as the size and dispersity of the ITO nanoparticles used in the fabrication of the IO-mesoITO electrodes 28, 70 . Using increased porosities (3 µm instead of 750 nm) or electrodes made from graphene and graphene oxide did not enhance photocurrents 70 . Photocurrents instead appeared to increase proportionally with the electrode thickness, at values below 40 µm. At higher thicknesses, the PSII photoresponse began to saturate, likely due to limitations in light penetration, electronic conductivity or mass transport 28 . The use of polydisperse (in terms of size) ITO nanoparticles resulted in the highest photocurrents 70 . Studies have also been conducted to understand the effect of the size of the monodisperse nanoparticle precursors on the photocurrent outputs of the resulting PSII immobilized IO-mesoITO electrodes. The particles with mesoporosity closely matching the size of PSII dimers gave rise to the best enzyme retention, which was attributed to better physical entrapment 70 . IO-mesoITO electrodes optimized in terms of thickness, nanoroughness and porosity deliver mediated photocurrents of almost 1 mA cm −2 ( fig. 5c ; TaBle 1, entry 6). This is three orders of magnitude higher than PSII immobilized on planar mesoporous ITO electrodes, and PSII can be loaded onto the IO-mesoITO electrodes at 16,000 times higher levels than flat electrodes 28, 30 .
The high protein loadings and correspondingly high currents attainable using the IO-meso structure enabled simultaneous real-time product quantification using ex situ analytical techniques such as fluorescent probes or gas chromotography to quantify O 2 . The overall lightto-chemical conversion efficiencies of protein-film electrodes could therefore be reliably measured even without a RRDE setup, and FEs can be calculated for reactions taking place at the electrode. Despite the major improvements in PSII photoresponse within IO-mesoITO electrodes, the longevity of the photoresponse is still inherently limited to less than 1 h (ref. 54 ).
The hierarchical IO-meso electrode scaffold has allowed for similar improvements in photoresponse for other RC complexes or pigment-based proteins, such as PSI and bacterial RCs, the performance of which has been recently reviewed elsewhere 24, 30 . PSI has already been wired to a cytochrome c on IO-mesoITO electrodes, generating photocurrents of up to 150 µA cm −2 in the presence of O 2 (ref. 71 ). The wiring of RC proteins to high-surface-area electrodes is more challenging than PSII because the former require two different sets of electrochemically reversible redox molecules to act as electron donors and acceptors. In the absence of spatial separation, as offered in vivo by the thylakoid membrane, short circuits and consequent charge recombination will likely result from the different redox partners coming into contact 26 . However, we can anticipate that, with improved surface chemistry and controlled wiring, hierarchical IO-meso electrode scaffolds could substantially increase the photocurrent output of other photosynthetic proteins.
Beyond photosynthetic proteins, the hierarchical IO-mesoITO electrodes have been demonstrated to be a versatile electrode platform for hosting a range of redox guests. For example, it was shown that IO-mesoITO electrodes (20-µm thickness) can adsorb 50 times more of an Os-modified redox polymer than flat electrodes can, giving rise to cyclic voltammograms that remained unchanged over 100 cycles 53 . When co-immobilized with PSII, the non-diffusional redox polymer could wire PSII to IO-mesoITO electrodes more effectively compared to flat electrodes (achieving MET photocurrents of over 0.5 mA cm −2 ; TaBle 1, entry 7). The high surface area of the electrode enabled enhanced polymerelectrode contact whilst minimizing charge-transfer distances 53 . Other examples of suitable synthetic guests include polymeric CO 2 -reduction catalysts and TiO 2 nanoparticles 72, 73 .
Furthermore, IO-mesoITO electrodes have been shown to be suitable for hosting a range of other redox proteins at a high loading capacity and in a stable manner.
[NiFeSe]-H 2 ase and FDHase dropcast onto IO-mesoITO electrodes exhibited excellent wiring in the absence of an exogenous mediator, with stable currents corresponding to electrocatalytic H 2 evolution and CO 2 reduction observed for several hours 28, 74 . Similarly, a decaheme cytochrome MtrC protein dropcast onto IO-mesoITO electrodes exhibited excellent wiring and new activities for H 2 O 2 reduction were observed 75 . Glucose dehydrogenase was interfaced with sulfonated polyaniline photosensitizers on IO-mesoTiO 2 electrodes to enable light-driven glucose oxidation 76 . TiO 2 electrodes fashioned into the analogous IO-meso architecture also enabled photoelectrocatalytic H 2 generation and CO 2 reduction using H 2 ase and FDHase, respectively 29, 77 (see details below).
Semi-artificial photosynthesis
The integration of isolated PSII onto anodes of hybrid devices for solar-energy conversion was demonstrated in early protein-film biophotovoltaic (BPV) systems 78 . TaBle 2 and Supplementary Table 2 summarize twoelectrode devices that use a PSII photoanode; entries 1-3 are examples of electrical-power-generation devices [78] [79] [80] . In one notable early example of a BPV system, an anode performing PSII-catalysed H 2 O oxidation was wired through two Os-modified polymers to a cathode performing PSI-catalysed O 2 reduction 81 . On irradiating both electrodes, a small steady-state current of 1 µA cm −2 was observed. The reduction of the final electron shuttle, methyl viologen, at the cathode suggested that one could www.nature.com/natrevchem move beyond power generation (TaBle 2, entry 2) and produce H 2 or reduce CO 2 . It was only very recently that this BPV system was wired to a H 2 ase to perform H 2 O splitting, albeit at a low photocurrent for the overall cell (~0.5 µA cm −2 ) 82 .
Recent developments in electrode design have enabled PSII-based photoanodes to routinely afford 10 2 -10 3 µA cm −2 outputs, with these magnitudes being necessary to reliably quantify products such as O 2 and H 2 , and thus develop semi-artificial photosynthetic devices 25, 28, 53 . The reliable quantification of products is necessary to confirm that common side reactions (for example, the oxidation of buffer components or the breakdown of components from the hybrid electrode) are not playing a substantial role in the photocurrent production. In TaBle 2, entries 4-10 describe the performance of notable semi-artificial photosynthetic devices. The applied bias indicates the external energy input needed to drive the endergonic reaction. The output is expressed as the overall current that is delivered by the device and includes, when possible, the rate of product generation. The FE indicates how much of the current generated is a result of the catalytic reaction, from which one can infer the selectivity of the electrocatalytic reaction. The light-to-chemical efficiency reflects the ratio of the energy input (from the light source) to the energy stored in the form of chemical bonds.
Early semi-artificial photosynthetic systems were developed for the purpose of overall H 2 O splitting -the archetypal reaction in artificial photosynthesis (TaBle 2, entry 4). The first semi-artificial photosynthetic system performing complete light-driven H 2 O splitting with only biocatalysts consisted of a PSII-decorated IO-mesoITO anode wired to a H 2 ase-decorated IO-mesoITO cathode 28 ( fig. 6a ). The strains from which the proteins were isolated are chosen with care -PSII from Thermosynechococcus elongatus is particularly robust and [NiFeSe]-H 2 ase from Desulfomicrobium baculatum is commonly used The external bias has been accounted for.
naTure revIewS | ChEMISTRy for semi-artificial photosynthesis because of its good H 2 -production activity, limited inhibition by H 2 and tolerance to low levels of O 2 (refs 83, 84 ). The two protein film electrodes were wired in a two-compartment photoelectrochemical cell separated by a glass frit to isolate the products and minimize exposure of the H 2 ase to O 2 . When the PSII-decorated anode was irradiated with red light (λ = 660 nm, 0.25-10 mW cm −2 ) and a bias voltage of 0.8 V applied to the system, H 2 O splitting took place with a light-to-H 2 generation efficiency of up to 5.4% (after accounting for the bias), with nearly quantitative Faradaic yields of both O 2 and H 2 (ref. 28 ).
The need for an applied voltage in the direct wiring of PSII to H 2 ase stems from the energy penalty accrued within PSII to achieve efficient charge separation and directed electron flow from photoexcited P680to Q B . As an electron moves from photoexcited Chl a to the plastoquinones, 0.6 V of reducing power is lost 27 . There is an energy mismatch of about 0.4 V between the terminal electron acceptor Q B within PSII and the Fe-S cluster within H 2 ase (fig. 6a ). In nature, this mismatch is overcome by coupling ET to P700, a second photosensitizer within PSI. Several artificial wiring schemes using redox polymers and protein conduits to connect PSI and PSII have been proposed to mimic the natural Z-scheme for power and fuel generation 78, 81, 82, 85 . However, there are compelling reasons to replace the PSI with an artificial light harvester because the absorption maximum of P700 is very close to that of P680. This means that the natural Z-scheme does not make efficient use of the solar spectrum. Furthermore, the efficient wiring of PSI to both the electrode and to another enzyme or catalyst is difficult. Synthetic light harvesters help overcome the requirement of an external voltage by offering the possibility of more complementary light absorption for better harvesting of the solar spectrum 26 . TaBle 3 and Supplementary  Table 3 summarize the performance of PSII photoanodes that have been coupled to a secondary light harvester, both natural and synthetic, in a tandem configuration. Photoanodes wiring PSII and PSI (TaBle 3, entries 1 and 2) together gave rise to low photocurrent densities, even in the presence of diffusional mediators.
One suitable synthetic light harvester to replace PSI is p-Si, an Earth-abundant semiconductor that absorbs at λ < 1,127 nm and is commonly employed in commercial photovoltaics ( fig. 6b ). Over the years, Si has been incorporated into semi-artificial photosynthetic devices in different configurations, mainly at the cathode with a Pt co-catalyst or even as an external photovoltaic component (TaBle 2, entries 5 and 6). If we are to replace the precious-metal H 2 -evolution catalyst Pt with enzymes, then we need to redesign the photocathode, and several iterations of p-Si photocathode coated with an IO-mesoTiO 2 layer have been reported 77, 86, 87 . The TiO 2 coating is needed because it protects Si, while serving as a charge-separation layer and a biocompatible coating for enzyme immobilization. The more recent version of the p-Si photocathode features an IO-mesoTiO 2 layer that enables high and stable loading of H 2 ase, which resulted in it being wired to PSII in the first PSII-H 2 ase tandem, semi-artificial H 2 O-splitting system. When the photosensitized H 2 ase cathode was wired to PSII, only a small applied voltage of 0.4 V was needed to split H 2 O under solar-light irradiation (TaBle 2, entry 7) at quantitative FE 77 .
Integrating a second light harvester into the PSII photoanode would mean that one only has to irradiate one compartment of the cell, allowing for greater flexibility in terms of the cathodic (fuel-forming) reaction that can be coupled to the anodic (H 2 O-oxidation) reaction. Several other inorganic photosensitizers with favour able band gaps, such as CdS (absorption profile <550 nm) and PbS (λ max = 525 nm), have been demonstrated to be suitable secondary light harvesters for PSII photoanodes. Schematic of the photoelectrochemical setup of the first semi-artificial water-splitting system reported by Mersch et al. that wired photosystem II (PSII) directly to hydrogenases (H 2 ase) using inverse opal mesoporous indium tin oxide (IO-mesoITO) for both the anode and the cathode (right). An external applied bias was required in this case to drive the reaction 28 . b | Energy diagram of the electron-transfer processes within the first tandem, semi-artificial water-splitting system reported by Nam et al. that wired PSII to H 2 ase through an IO-mesoITO anode and a p-Si IO-mesoTiO 2 cathode (left). The corresponding photoelectrochemical setup requires an external applied bias 77 (right) . c | Energy diagram of the electron-transfer processes within the first bias-free, tandem, semi-artificial watersplitting system reported by Sokol et al. that wired PSII to H 2 ase through an IO-mesoTiO 2 anode interfaced with a diketopyrrolopyrrole (DPP) dye and an Os-based redox polymer (P Os ), and an IO-mesoITO cathode (left). The resulting photoelectrochemical setup (right) is also compatible with integrating the cathode with formate dehydrogenase (FDHase) to perform CO 2 reduction 29, 89 TaBle 3 , entries 4 and 5). In a recent example, a rationally designed diketopyrrolopyrrole dye (λ max ≈ 475-575 nm) was immobilized onto a TiO 2 photoanode, which was combined with PSII integrated in an Os-modified polymer matrix to give a tandem photoanode 89 (fig. 6c ). The H 2 O-oxidation current signals shifted cathodically to −0.4 V versus SHE under solar-light irradiation. Wiring the photoanode to an IO-mesoITO electrode integrated with H 2 ases resulted in solar H 2 O splitting, the first demonstration of biasfree H 2 O splitting from PSII and H 2 ase (TaBle 2, entry 9). It was later demonstrated that the cathode could be readily integrated with a W-dependent FDHase on an IO-mesoTiO 2 electrode, which could then be coupled to the dye-sensitized PSII photoanode to perform CO 2 reduction at a small bias voltage 29 (TaBle 2, entry 10) . These results show that further thermodynamic gains are in reach if we carefully select the second light harvester. Looking forward, semi-artificial photosynthesis appears to be a promising approach for bias-free solar production of a wide range of chemicals and fuels.
A present drawback of the above proof-of-concept devices is that the overall solar-to-chemical conversion efficiencies are <1%. Examination of the external quantum efficiency of the PSII-decorated photoanodes in TaBles 1, 3 reveals that a possible limitation lies at the PSII-electrode interface, where relatively high external quantum efficiencies are observed only at low illumination intensities (<10 mW cm −2 ). Improvements in interfacial wiring, enzyme-loading density and lightharvesting ability of the PSII photoanodes are expected to enhance the overall solar-to-chemical conversion efficiencies. Future goals of semi-artificial photosynthesis include overcoming the theoretical limit of 10.5% for photobiological H 2 production 90 and producing a variety of other high-value chemicals beyond H 2 while maintaining a high FE. Instability is another major limitation of these devices, the lifetimes of which are limited by those of the isolated PSII enzymes. Design strategies involve the development of more robust synthetic replacements or the use of PSII whilst it is still embedded in its complex in vivo environment.
Beyond isolated photosystem II As discussed above, a major limitation of using purified PSII in semi-artificial systems is that the enzyme undergoes rapid photodegradation in vitro, which limits any prospects of practical applications 28, 89 . The use of isolated PSII complexes is further limited by the costly and laborious purification process. Thylakoid membranes, prepared to varying degrees of crudeness, have been proposed as cheaper and more robust biocatalytic alternatives to purified proteins 67, 91 . Although more difficult to systematically study due to sample heterogeneity, electrodes featuring these membranes have enjoyed substantial improvements in longevity (some lasting several days) 92 , and can produce mediated photocurrents of up to 500 µA cm −2 (TaBle 1, entries 8-10).
PSII complexes in vivo are repaired approximately every 20 min by a repair cycle 93 and benefit from diverse photoprotection mechanisms 94 within the living organism to give rise to sustained overall H 2 O-oxidation activity. These mechanisms have provided an incentive to study and even harness the activity of PSII in vivo using a photoelectrochemical platform. Intriguingly, photocurrents have been observed to stem from photosynthetic organelles and microorganisms such as chloroplasts, cyanobacteria and algae immobilized onto electrodes since the late 1970s 95, 96 . There is growing interest in coupling these 'biotic' anodic currents to O 2 reduction occurring at the cathode in two-electrode BPV devices, which aim to deliver power densities sufficient to drive low-power devices such as LEDs, sensors and digital clocks in offgrid locations 97 . This is because photosynthetic microorganisms are abundant, populate diverse environments and can reproduce and exhibit self-repair mechanisms absent in synthetic and in vitro systems 98 . The advantage of using photosynthetic microorganisms instead [11] [12] [13] [14] and the mechanism of ET at the biofilm-electrode interface is poorly understood. Studies using the Q B inhibitor DCMU and cell mutants lacking PSII have shown that the photocurrents arising from photosynthetic cells originate from PSII within the photosynthetic electron-transport chain 54, 99 . The subsequent ET steps are less clear, with common hypotheses considering electrons leaking from the photo synthetic electron-transport chain and reaching the electrodes through conductive pili appendages, endogenous diffusional mediators and/or interactions with transmembrane redox proteins 100 . Analogous to PSII photo electrochemistry, wiring the biofilm to the electrodes could be enhanced by adding quinone derivatives such as DCBQ and introducing redox polymer matrices 54, 101, 102 . However, introducing these exogenous electron mediators has been shown to have deleterious effects on the cells 54, 102 (TaBle 1, entries 11-14) . In the absence of exogenous mediators, photosynthetic microorganisms have been demonstrated to be photocatalytically active for over 30 days 98 .
Electrode design in live-cell photoelectrochemistry has progressed in a similar manner to PSII photoelectrochemistry, whereby early photoelectrochemical characterization was performed on readily accessible planar-metal-based electrodes. In the early 2000s, it became apparent that the nanoroughness on the electrode's surface is important for biofilm attachment and stability. Therefore, textured conductive materials including C cloth or paper, graphite and ITO-coated substrates were subsequently adopted 103 . Ideal electrode designs must address the microscale of the photosynthetic microorganisms, which can vary in cell shapes and biofilm aggregation patterns 104 . Ideally, the electrode should enable high cell loading to compensate for the lower catalyst density, whilst also providing maximal cell-electrode interactions to facilitate efficient charge transfer and nutrient and light penetration.
Following the success of the IO-mesoITO electrodes in PSII photoelectrochemistry, the hierarchically structured porous electrode was adapted to feature macropores of 10 µm in diameter, channels of up to 3 µm in diameter, a mesoporous substructure and thicknesses of up to 40 µm that can host cyanobacterial cells 54 ( fig. 7a,b ). These electrodes gave rise to consistently high and stable loading of the cyanobacterium Synechocystis sp. PCC 6803 and were used to systematically compare the photoelectrochemistry of PSII protein-films (isolated from Thermosynechococcus elongatus) to that of the Synechocystis biofilms. Indeed, there are differences in ET processes 54 (TaBle 1, entry 11) , with the proteinfilm giving much higher non-mediated photocurrents (>30 times) than the biofilm, a result attributed to poorer direct wiring and lower overall PSII loading (<20 times) in the latter case. In the mediated regime, the photocurrent output was 10 times higher for the protein-films than the biofilms, but the TOF of the PSII within the biofilms was comparable to that of the PSII protein-films. The photocurrent stemming from the biofilm was sustained and even exhibited a slight enhancement over 5 days, whereas the protein-film fully degraded within hours, demonstrating the large improvement in PSII robustness in vivo. Cyclic voltammograms probing biofilm activity before and after light irradiation show the appearance of diffusional redox species that may contribute to the photocurrent generation 54 . Lastly, the photocurrent profiles of the biofilms do not increase proportionally with more positive applied potentials and exhibit distinctive trends ( fig. 7c ) that may be due to biological or complex redox processes occurring within the cellular matrix. Unravelling the origin of the features within these Photocurrents that originate from photosystem II (PSII) can be detected from the biofilm, but the mechanisms of electron transfer are poorly defined. c | Chronoamperometric traces of PSII protein-films and photosynthetic biofilms feature differences in photoelectrochemical profiles that may shed insights into the electron-transfer mechanism of the latter. ON, light on. Part a adapted with permission from ref. 54 , American Chemical Society. www.nature.com/natrevchem photocurrent profiles may provide important information that might help us to identify the processes affecting photo exoelectrogenesis and enable better exploitation of the photoelectrochemistry of PSII in vivo.
Conclusion and future directions
Remarkable progress has been made in photoelectrochemical studies of PSII since the 1970s when early photo current experiments were performed 105 . In particular, important lessons have emerged out of studies into the PSII-electrode interface, where ET can occur directly from the terminal Q A and competing chargetransfer pathways occur at the Chl a pigment sites. The latter ET pathway short-circuits H 2 O oxidation and can be nonspecifically enhanced by wiring PSII to electrodes with conductive matrices. This knowledge has helped to unmask ET events at the PSII-electrode interface and to propose rational strategies for improving the wiring of other RC proteins and biological systems featuring pigments to electrodes. Future coupling of photoelectrochemistry to complementary techniques such as RRDE, quartz crystal microbalance with dissipation, fluorescence and vibration spectroscopy, and time-resolved spectroscopy 106 is anticipated to help address fundamental biological questions, such as those associated with the photoactivation and reconstitution of the OEC.
The latest progress in bio-photoelectrochemistry has been driven by the new generation of hierarchically structured electrodes, which afford extremely high effective surface areas that are tailored specifically to large pigment proteins. By fine-tuning the 3D architecture of electrodes for PSII integration, photocurrent enhancements of up to three orders of magnitude were observed compared to analogous 2D electrodes 28 . These enhancements have accelerated the use of photoelectrochemical platforms for the building of new semi-artificial photosynthetic pathways. Modular overall H 2 O-splitting and CO 2 -reduction semi-artificial photosynthetic systems that can harness a larger portion of the solar spectrum than biological photosynthetic systems are already emerging 29, 89 . Replacing the reaction at the cathode has proven to be feasible, with many more pathways (including N 2 fixation) 107 yet to be explored. Replacing PSII at the anode may well be necessary for applications, because the instability of isolated PSII diminishes the technological prospects of semi-artificial systems. Such limitations may be overcome by using alternative catalysts such as oxidoreductases or even live photosynthetic cells to drive oxidation to value-added chemicals or to degrade wastes 20, 108 . A further advantage offered by porous 3D electrodes is that they can be easily adapted to a variety of redox guests, among which are μm-sized living photosynthetic cells 54 . Given the impressive longevity of PSII activity in vivo and the many biological questions that remain in the area of photosynthesis (for example, the mechanisms associated with photoexoelectrogenesis and photoprotection), the lessons and techniques developed within PSII photoelectrochemistry can be extended to study photosynthesis in a range of contexts. One might thus study photosynthesis performed by different organisms (including photosynthetic eukaryotes and anaerobic photosynthetic bacteria) and at varying levels of complexity -from isolated enzymes to subcellular fractions to whole cells and biofilms. In the latter cases, further electrode designs are needed and we need to look beyond merely engineering electrode morphology. For example, the surface chemistry and the applied potential of the working electrode can substantially affect the biological responses 109, 110 . These must also be taken into consideration when designing electrodes for promoting biofilm productivity. Overall, the field of PSII photoelectrochemistry plays an important role in developing tools, techniques and our fundamental understanding of the bio-material interface, which are invaluable to both semi-artificial photosynthesis and bio-photoelectrochemistry.
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